INTRODUCTION
Sickness behaviors are a collection of prominent symptoms of acute illness that include anorexia, lethargy, fever, altered sleep patterns, depression, lack of grooming, and social withdrawal. It has been long appreciated that sickness behaviors are motivational states rather than a result of debilitation of physiological functions (Miller, 1964) . Furthermore, sickness behaviors have been conceptualized as adaptive programs that promote survival of acute infections (Hart, 1988; Kluger et al., 1975) . However, the mechanisms whereby different sickness behaviors contribute to survival remain largely unknown. This issue is particularly important because a popular treatment for acute infections is the use of non-steroidal anti-inflammatory drugs, which work primarily by suppressing the symptoms of sickness behaviors (Pecchi et al., 2009) . Understanding the biology of sickness behaviors is also important for improved management of critically ill patients suffering from conditions with poorly defined pathogenesis, such as sepsis. Indeed, sepsis remains a largely intractable clinical problem with high mortality rates even in modern medical facilities (Angus and van der Poll, 2013) . It is now increasingly appreciated that the mortality of sepsis can stem from at least three distinct phases of the disease: hemodynamic shock; multiple organ failure; and prolonged immunosuppression (Hotchkiss et al., 2013) . Furthermore, different forms of sepsis can result from bacterial, fungal, and viral infections, each creating a distinct challenge and potentially requiring different management strategies.
Anorexia of infection is an aspect of sickness behavior that is conserved from humans to insects (Adamo, 2005) , and much effort has been dedicated to understanding the role of nutrition in septic critical illness (Casaer and Van den Berghe, 2014) . In the 1970s, it was demonstrated that interfering with the anorexia induced by Listeria infection using caloric supplementation led to pronounced mortality in mice (Murray and Murray, 1979; Wing and Young, 1980) . Importantly, Ayres and Schneider (2009) found that, in Drosophila, anorexia was beneficial in some, but not all, infections. Similarly, it was recently shown that the fasting metabolic state was critical to surviving bacterial sepsis (Feingold et al., 2012) . The mechanism remains elusive, and clinically, the role of nutrition in managing patients with sepsis is unclear.
An important new paradigm that can help explain at least some benefits of sickness behavior is the notion of resistance and tolerance: survival of infections can be promoted by either reducing pathogen burden or by increasing host tolerance to the damage of infection (Ayres and Schneider, 2012; Soares et al., 2014) . During an infection, multiple physiological processes undergo dramatic alterations with often unknown rationale. Depending on the infection, these can include profound changes in metabolism and alterations in hepatic, renal, and cardiovascular functions. In principle, these responses can be either beneficial, induced as part of a general defense program, or they can be unintended and detrimental but unavoidable consequences of infections. Furthermore, the physiological changes that are beneficial for host survival can contribute to elimination of pathogens (resistance) or to mitigation of tissue damage caused by infection (tolerance). These physiological responses are poorly understood aspects of infection biology, where most of the focus has been devoted to the immune response and microbial pathogenesis.
There are several examples where organismal metabolism has been shown to be regulated in order to deprive necessary substrates for pathogen viability as a strategy of enhancing host resistance (Liu et al., 2012; Nairz et al., 2015) , but how organismal metabolic states, such as the fasted state of anorexia, contribute to host defense is not understood. Indeed, the role of metabolic homeostasis during sepsis, which is directly impacted by nutritional status, is becoming increasingly recognized as critical in surviving sepsis in the clinical setting. In addition to the well-studied but contentious role of glucose homeostasis in managing sepsis in the intensive care units (NICE-SUGAR Study Investigators et al., 2009; van den Berghe et al., 2001) , the largest proteomic and metabolomic screen of patients with sepsis to date identified fatty acid, glucose, and beta-oxidation pathways as being discriminatory between survivors and non-survivors (Langley et al., 2013) . Bacterial sepsis leads to a pro-lipolytic state, which affects the ability of target tissues to utilize glucose via glycolysis and alternative fuel sources, such as ketone bodies (KBs) and free fatty acids (FFAs) via oxidative phosphorylation (Agwunobi et al., 2000) . Growing evidence suggests that a shift from glucose to KB/FFA utilization is protective in bacterial sepsis, and these studies largely rely on pharmacologic targeting of peroxisome proliferator-activated receptor alpha (PPARa), the master regulator of the ketogenic program and fasting metabolism (Budd et al., 2007; Cá mara-Lemarroy et al., 2015) . The role of substrate utilization in viral infections is even less understood (Greseth and Traktman, 2014) . These metabolic changes are presumed to be protective, but their mechanism of protection remains obscure.
Here, we report that, whereas nutritional supplementation increased mortality of Listeria monocytogenes infection, it protected against lethality of influenza virus infection. The causative component of food was determined to be glucose, and this effect was largely independent of inflammation or pathogen burden. To study the differential effects of glucose metabolism in bacterial and viral inflammation and sepsis generally, we utilized lipopolysaccharide (LPS) and poly(I:C) models of sepsis and found that, whereas therapeutic blockade of glucose utilization with 2-deoxy-D-glucose (2DG) protected against LPS-mediated sepsis, it was uniformly lethal with poly(I:C) sepsis. We found that, whereas glucose was necessary for adaptation to and survival from the stress of antiviral inflammation by preventing initiation of endoplasmic reticulum (ER) stress-mediated apoptotic pathways, glucose prevented adaptation to the stress of bacterial inflammation by inhibiting ketogenesis, which was necessary for limiting reactive oxygen species (ROS) induced by anti-bacterial inflammation. Our study elucidates how specific metabolic programs are coupled to different types of inflammation to regulate tolerance to inflammatory damage.
RESULTS

Anorexia Protects against L. monocytogenes Infection
To assess the role of anorexia in infection, we revisited the model of listeriosis used in prior studies (Murray and Murray, 1979; Wing and Young, 1980) . We confirmed that, upon infection with L. monocytogenes, mice exhibited a dose-dependent decrease in their food intake ( Figure 1A ) and that enteral supplementation by gavage of 1 kilocalorie twice daily (bis in die [BID] ) starting 8 hr post-infection uniformly killed L. monocytogenes-infected mice ( Figure 1B ). The caloric content supplemented was one-fifth of healthy mouse daily food intake. Additionally, we found that gavage with an isocaloric isovolumetric amount of glucose alone was sufficient to cause 100% mortality in infected mice ( Figure 1B ). To exclude contributions from enteroendocrine incretin signaling, we injected glucose intraperitoneally (i.p.) at a dose iso-osmolar to PBS, which provided about 2% of normal daily caloric intake, and found that this was sufficient to recapitulate the lethal effects of enteral glucose ( Figure 1C ). To assess whether glucose was necessary for lethality, we injected L. monocytogenes-infected mice with 2DG and found that 2DG fully rescued mice from listeriosis-induced mortality ( Figure 1C ), consistent with previous work (Miller et al., 1998) . Collectively, these data suggest that glucose is the component of food that is necessary and sufficient to mediate lethality in listeriosis when anorexia is blocked by force feeding.
We found that glucose treatment did not significantly affect bacterial burden or immune infiltration but did increase plasma interferon gamma (IFNɣ) 24 hr post-infection ( Figures 1D-1F and S1). In contrast, 2DG-treated mice had significantly decreased bacterial load compared to controls ( Figure 1E ). The decreased bacterial burden was not due to heightened immune response, as plasma IFNɣ, plasma interleukin-6 (IL-6), and liver immune infiltrate were all decreased in 2DG-treated animals ( Figures 1D-1F and S1). These data raised the possibility that 2DG was mediating clearance of L. monocytogenes through direct inhibition of bacterial growth. To address this, we tested the effect of 2DG on the growth of L. monocytogenes and on the antimicrobial activity of macrophages infected with L. monocytogenes. In both cases, 2DG administration did not affect bacterial growth ( Figures 1G and 1H ). Because the protective effect of anorexia during L. monocytogenes infection was neither mediated through conventional immune clearance mechanisms, nor was it due to inhibition of bacterial proliferation, we hypothesized that tissue-protective mechanisms may be at play.
Inhibition of Glucose Utilization Is Protective in Endotoxemia
To examine the role of tissue tolerance in mediating the protective effects of anorexia in bacterial sepsis, we used the LPS sepsis model, where mortality results entirely from a systemic inflammatory response. We found that gavaging mice with enteral nutrition starting 1 hr post-LPS injection led to significantly increased mortality, whereas fluid resuscitation improved survival ( Figure 2A ). To dissect the nutritional components that contribute to mortality, we gavaged mice with isocaloric isovolumetric amounts of glucose, olive oil, or casein and found that only glucose significantly increased mortality ( Figure 2B ). We then tested whether the effects of food intake on susceptibility to sepsis could be reversed with concurrent 2DG treatment. i.p. injection of 2DG concurrently with gavage of enteral nutrition in endotoxemic mice significantly improved survival ( Figure 2C) . As was the case in L. monocytogenes infection, i.p. injection of glucose was sufficient to uniformly kill endotoxemic mice whereas i.p. injection of 2DG was sufficient to fully rescue them ( Figure 2D ). To exclude contributions from carbohydrateresponsive element-binding protein (ChREBP) signaling, which would still be activated with 2DG, we utilized a glucose utilization inhibitor, D-mannoheptulose (DMH), which does not activate downstream ChREBP signaling (Li et al., 2010) , and observed the same protective effects as 2DG ( Figure S2A ). Together, these data suggest that the component of nutritional intake that increased susceptibility to endotoxic shock was glucose and that inhibition of glucose utilization during sepsis was protective.
The advantage of the LPS sepsis model is that it isolates the inflammatory response, as opposed to direct pathogen toxicity, as the source of tissue damage. In this model, nutrients can affect survival by altering the magnitude of inflammatory response or the tissue's ability to tolerate it. We found no difference in circulating levels of tumor necrosis factor alpha (TNFa) and IL-6 or hepatic expression of acute phase-response genes in endotoxemic mice treated with PBS, glucose, or 2DG ( Figures  2E and 2F ). These findings suggest that glucose utilization does not affect the magnitude of the inflammatory response in endotoxic shock but rather the ability of the tissues to tolerate inflammatory damage.
Glucose Utilization Promotes Tissue Damage in Endotoxemia
We observed that mice challenged with LPS and glucose displayed symptoms consistent with tonic-clonic seizure. Prior to death, animals would develop high-amplitude convulsions followed by decerebrate posturing. This is consistent with studies that have demonstrated neurologic deficits, including seizure, and neuronal apoptosis in animals suffering from endotoxic shock (Sayyah et al., 2003; Singer et al., 2016; Song et al., 2014) . Hypoglycemia is a common cause of seizure, but we found that blood glucose did not differ significantly between groups over time ( Figure S2B ). We performed vital sign CFUs of L. monocytogenes in the presence or absence of 15 mM 2DG for 24 hr. CFUs of L. monocytogenes grown from the BMDM cell media supernatant and cell lysate. Data are represented as mean ± SEM. *p < 0.05; ***p < 0.001; ****p < 0.0001. See also Figure S1 . monitoring (body temperature, blood O 2 saturation, respiratory rate, and heart rate) in endotoxemic mice treated with PBS, glucose, or 2DG 24 hr post-LPS injection and found that 2DG-treated mice maintained their body temperature significantly better than glucose-and PBS-treated mice ( Figure S2C ). To assess other evidence of end-organ damage, we measured plasma markers of tissue injury (troponin-I, alanine aminotransferase, and creatinine), which were largely unchanged between treatments, with the exception that glucose-treated mice had higher levels of plasma creatinine ( Figure S2D ). Finally, detailed histopathologic analysis of H&E-stained slides of brain, heart, lung, liver, kidney, pancreas, stomach, bone marrow, thymus, and spleen was performed to identify any pathologic changes, including edema, hemorrhage, inflammation, necrosis, and apoptosis. The only difference in histopathologic changes was a decreased presence of dark, shrunken neurons in the brains of LPS mice given 2DG, compared to mice given LPS and PBS or glucose. Together, these data implicate neuronal dysfunction as a possible proximal cause of death in LPS endotoxemia.
Inhibition of Glucose Utilization Is Lethal in Influenza Infection
We next asked whether viral infections, which induce a different type of immune response compared to bacterial infections, were also affected by caloric supplementation. We employed an influenza model in which mice are infected intranasally with influenza virus A/WSN/33. We observed that mice infected with influenza also exhibited anorexia, albeit less severely than in L. moncytogenes infection ( Figure 3A) . Surprisingly, we found that gavage of 1 kilocalorie BID of enteral nutrition starting 8 hr post-infection protected mice from influenza-associated mortality ( Figure 3B ). Gavage of isocaloric isovolumetric glucose partially recapitulated the effect of enteral nutrition, whereas i.p. injection of 2DG concurrently with feeding completely ablated the survival benefit ( Figure 3C ). Caloric supplementation with casein and olive oil provided little to no survival benefit (Figure S3A) . With a lower dose of influenza infection, we found that 2DG alone was able to uniformly kill flu-infected mice compared to vehicle control ( Figure 3D ). These data together indicate that glucose availability and utilization are critical to surviving influenza infection.
Next, we assessed whether the effect of caloric supplementation on influenza infection was mediated through immune resistance of virus or tissue tolerance. Differences in viral burden and/or immune activation would implicate an effect of caloric supplementation on host resistance. Six days post-infection, we performed plaque assays using both lung homogenate and bronchoalveolar lavage fluid (BAL) from mice treated with PBS or 2DG. Additionally, we assayed gene expression of the influenza gene NP from lung tissue homogenate. In all three cases, we found no differences in viral load between groups ( Figure 3E ). We then assayed antiviral inflammatory mediators to determine whether immunopathology could account for the lethality caused by 2DG treatment. We found that expression of interferon-inducible genes as well as Cxcl1 and Il6 were similar between PBS-and 2DG-treated groups (Figures 3F and S3B) . Likewise, we found no difference in plasma IFNa levels or immune cell infiltration into the lung after infection (Figures 3G and S3C) .
Mortality from influenza infection is often linked to development of pneumonia (Taubenberger and Morens, 2008) . To determine whether 2DG impacted the extent of lung damage, we assessed the pathological outcomes of PBS versus 2DG treatment in influenza infection. Histopathologic examination of lung showed no difference in edema, hemorrhage, or inflammatory cell infiltrates ( Figures 3H, 3I , and S3D). To identify alternative causes of death, we assayed vital signs of PBS-or 2DG-treated mice over the course of influenza infection. We found that 2DG-treated mice had no difference in blood O 2 level but had decreased heart rate, respiratory rate, and body temperature ( Figure 3J ). These findings are consistent with a derangement of central autonomic control. To verify that 2DG was not itself causing neuronal dysfunction and lethality, we administered the identical 2DG regimen utilized in influenza to mice infected with another pulmonary pathogen, Legionella pneumophila, and this did not cause mortality, indicating that the lethal effects of 2DG occurred only in the context of the viral inflammation induced by influenza infection ( Figure S3E ). Collectively, this suggests that the effect of caloric supplementation on influenza infection is mediated through availability of glucose utilization and its impact on tissue tolerance mechanisms, which are likely impaired in the brain.
Inhibition of Glucose Utilization Is Lethal in Viral Inflammation
To generalize the findings from influenza infection, we next utilized intravenous poly(I:C) injection as a model of systemic viral inflammation (Smorodintsev et al., 1978) . Co-administration of poly(I:C) and 2DG or DMH was uniformly lethal (Figures 4A and S4A) . Because we were unable to generate a dose of poly(I:C) that caused lethality by itself, we were unable to assess whether glucose supplementation would be protective. To test whether type I IFN was required for the effect of 2DG on poly(I:C)-induced inflammation, we subjected IFNa-receptor (IFNaR)-deficient (Ifnar1 À/À ) mice to poly(I:C) and 2DG challenge. Ifnar1 À/À mice were completely protected ( Figure 4B ), indicating that IFNaR signaling was required for mediating the lethal effects of 2DG.
To examine whether the lethal effects of 2DG were mediated by differences in the magnitude of the inflammatory response, we assessed plasma cytokines and did not find significant differences in circulating IFNa ( Figure 4C ). Histopathologic analyses showed no differences between treatment groups. To identify the cause of mortality, we performed vital sign monitoring and found that mice challenged with poly(I:C) and 2DG, like flu-infected mice, exhibited profound defects in the control of body temperature and respiratory and heart rate, but not oxygen saturation ( Figure 4D ). Thus, we reasoned that neuronal dysfunction and loss of autonomic control was responsible for mortality.
LPS-and Poly(I:C)-Induced Inflammation Cause Differential Glucose Uptake in the Brain
To globally assess 2DG and glucose uptake and distribution following poly(I:C) or LPS challenge, we subjected mice to 2-deoxy-2-[
18 F] fluorodeoxy-D-glucose-positron emission tomography-computed tomography ( 18 F-FDG-PET-CT). We found that glucose was actively taken up by the brainstem after poly(I:C), but not with LPS challenge. In contrast, LPS induced more glucose uptake in the hypothalamic area ( Figure 4E ). There were no other differences in glucose compartmentalization between poly(I:C) and LPS ( Figure S4B ). Increased 2DG uptake in the hindbrain in poly(I:C)-treated mice was associated with decreased levels of Il1b, Il6, and Tnfa and no difference in Mx1 in the hindbrain, indicating that neuronal dysfunction in brainstem was not due to increased inflammation ( Figure S4C) . Consistent with the PET data, we did not detect differences in blood glucose or measures of cardiac, liver, or renal dysfunction ( Figure S4D ).
These data suggest that the lethal effect of poly(I:C) and 2DG co-administration was likely independent of the magnitude of inflammation but rather was dependent on tissue tolerance Lethal Effect of 2DG in Viral Inflammation Is Mediated by CHOP Because we found that mice displayed signs of neuronal damage in both influenza infection and poly(I:C)-induced viral inflammation, we further investigated the effect of inhibition of glucose utilization in viral inflammation. We reasoned that ER-stressmediated apoptotic pathways, which are integral to the cellular response to viral infection, might link viral inflammation to neuronal damage (Lin et al., 2008) . In particular, we focused on the ER-stress-induced transcription factor CHOP, which can induce apoptosis upon prolonged or excessive activation (Tabas and Ron, 2011) . We found that expression of CHOP protein and its target gene Gadd34 was elevated in the hindbrains of mice treated with poly(I:C) and 2DG, an effect that was IFNaR dependent (Figures 5A and 5B). Moreover, CHOP-deficient mice (Ddit3
) were completely protected from poly(I:C) and 2DG challenge in a manner independent of inflammatory magnitude ( Figures 5C and  5D ). Autonomic dysfunction was also completely abrogated in CHOP-deficient mice challenged with poly(I:C) and 2DG ( Figure 5E ). To test the contribution of CHOP to host tolerance and resistance, we utilized the influenza infection model. We found that CHOP-deficient mice were significantly protected from influenza and 2DG challenge in a manner independent of pathogen burden or degree of inflammation (Figures 5F-5H and S5A). This is in contrast to models of bacterial inflammation, where CHOP deficiency promotes tissue injury and morbidity (Esposito et al., 2013) . Interestingly, 2DG and IFNa together led to sustained and elevated CHOP expression and apoptosis in mouse embryonic fibroblasts (MEFs) (Figures S5B and S5C ). These data together suggest that glucose utilization is critical to tissue tolerance of virally induced inflammation through maintenance of an appropriate ER stress response. 
Glucose Promotes Neuronal ROS and Seizure-Induced Death in Bacterial Inflammation
Prolonged fasting results in hypoglycemia accompanied by lipolysis and followed by ketogenesis. In anorexia following acute LPS challenge, there was a decrease in blood glucose and an increase in plasma FFA, plasma beta-hydroxybutyrate (BHOB), and the fasting hormone FGF21 (Figures 6A and S2B) . The switch to this fasting metabolic profile was ablated by glucose administration ( Figure 6A ). There was no appreciable difference in the kinetics of blood glucose subsequent to treatment with glucose or 2DG ( Figure S2B ). We observed that the administration of glucose to LPSchallenged mice potentiated seizures, implicating neurotoxicity as a mechanism for death. We therefore asked whether antiepileptic drugs would be sufficient to rescue glucose-mediated death and found that administration of valproic acid (VA), but not levetiracetam (two commonly used anti-epileptic agents), was able to completely rescue LPS-challenged mice treated with glucose ( Figure 6B ). The anti-epileptic effects of VA are incompletely understood but appear to impact HDAC-inhibition (HDACi), GABA transduction, and PI3K and calcium handling (Terbach and Williams, 2009) . KBs have also been implicated as HDACi of the same class as VA and have recently been shown to coordinate gene expression programs that confer resistance to ROS-mediated damage (Shimazu et al., 2013) . We thus hypothesized that the suppression of KBs by glucose administration may be inhibiting these HDACi-mediated ROS adaptation pathways. To test this, we utilized dihydroethidium staining to measure ROS in situ in the brains of LPS-challenged mice treated with glucose and observed increased ROS in the brains of these mice ( Figure S6A ). We also observed more TUNEL-positive nuclei in sections of mouse brain in glucose-treated mice compared to 2DG-or PBS-treated mice challenged with LPS ( Figure S6B ). All groups had TUNEL-positive nuclei in areas of lymphoid cell death (thymus and spleen), but there were no TUNEL-positive nuclei in any other tissues surveyed (heart, lung, liver, and kidney). The brain was the only tissue where differences in TUNEL-positive nuclei were seen between groups ( Figures S6C and S6D) ; however, the amount of cell death, which was assessed in the hypothalamus-given PET localizationwas not dramatically different, indicating that cellular dysfunction, and not necessarily cell death, was being potentiated by glucose administration. Together, these data suggest that the enhanced lethality caused by glucose supplementation in endotoxemia is likely mediated through increased ROS and neuronal dysfunction.
Inhibition of the Ketogenic Program in Bacterial Inflammation, but Not Viral Inflammation, Results in Mortality
To test the role of ketogenesis in bacterial and viral inflammation, we subjected mice deficient in PPARa and FGF21 to LPS or influenza infection. Both PPARa-and FGF21-deficient mice displayed enhanced mortality after LPS administration (Figure 6C) . We verified that PPARa-deficient mice have severely impaired ketogenesis following LPS challenge and did not observe significant changes in the level of BHOB in FGF21-deficient animals ( Figure 6D ), consistent with findings observed in the fasting state (Potthoff et al., 2009) . We also did not detect an increase in systemic cytokines in PPARa-deficient mice (Figure 6E) . We hypothesized that either the lack of FGF21 or the lack of alternative fuel sources, which were both suppressed after glucose supplementation, was the cause of mortality. Because FGF21 is a known downstream target of PPARa (Feingold et al., 2012; Inagaki et al., 2007) , we tested whether defective FGF21 production was the causative lesion in PPARa deficiency. We reconstituted PPARa-deficient and FGF21-deficient mice with recombinant FGF21 and found that, whereas FGF21 was sufficient to rescue FGF21-deficient mice, it was not sufficient to rescue PPARa-deficient mice ( Figure 6F ), arguing that other aspects of the fasting program were necessary to mediate survival of LPS sepsis. Finally, VA, but not 2DG, was able to rescue PPARa mice challenged with LPS (Figure 6G ), indicating that some aspect of VA action-likely its HDACi activity-was sufficient to rescue the lack of KBs in PPARa mice and also that the protective effects of 2DG required an intact ketogenic program.
Because ketotic pre-conditioning has been shown to improve other neurologic conditions, such as epilepsy (Levy et al., 2012) , we tested whether it would improve survival in sepsis. We found that mice pre-fasted for 24 hr or mice fed ketogenic diets for 3 days displayed enhanced sensitivity to LPS despite generating adequate levels of KBs ( Figures S7A and S7B) . We excluded the possibility that ketoacidosis was driving death ( Figure S7C ). These data indicate that the activation of the ketogenic program must be temporally coupled to the course of the inflammatory challenge.
We hypothesized that, because our viral and bacterial models had opposite dependencies on glucose, they would also have opposite dependencies on ketogenesis. Therefore, we subjected PPARa-deficient mice to influenza challenge. Whereas PPARa deficiency was lethal following LPS challenge, it was protective in influenza infection in a manner independent of pathogen control ( Figures 6H and 6I ). This protective effect was not observed in FGF21-deficient animals ( Figure S7D ). Together, these data show that, whereas impairment of ketogenesis, whether through genetic deletion of PPARa or glucose administration, was lethal in bacterial inflammation, it was protective in viral inflammation, in a manner independent of the magnitude of inflammation.
DISCUSSION
Here, we addressed the effect of anorexia during acute infection and uncovered a surprising differential role for fasting metabolism in maintaining tissue tolerance in different infectious states. It is increasingly appreciated that inflammatory responses must be coupled to specific metabolic programs to support their energetic demands (Buck et al., 2015 ; Galvá nPeñ a and O 'Neill, 2014) . In this study, we observed that systemic metabolism appears to be coordinated to support tolerance to different inflammatory states. We found that, whereas glucose utilization was required for survival in models of viral inflammation, it was lethal in models of bacterial inflammation. Concordantly, we found that, whereas ketogenesis was required for survival in bacterial inflammation, it was dispensable in the case of (legend continued on next page) viral inflammation. Unexpectedly, we found that these effects on mortality were largely independent of the degree of inflammation and pathogen clearance. In the case of viral inflammation, lethality subsequent to inhibition of glucose utilization appeared to be mediated by type I IFN signaling on target tissues-likely the brain-which require glucose to mitigate the ER stress response and CHOP-mediated cellular dysfunction. In the case of bacterial inflammation, lethality subsequent to glucose administration appeared to be mediated by suppression of ketogenesis, which led to impaired resistance to ROS-mediated damage in the brain (Figure 7) . Thus, our results suggest that distinct inflammatory responses may be coupled with specific metabolic programs in order to support unique tissue tolerance mechanisms that, when uncoupled, lead to enhanced immunopathology, leading to death. Host defense from infections involves both resistance and tolerance mechanisms. Whereas host resistance promotes pathogen clearance, host tolerance relies on adaptation to a given level of pathogen or a given level of inflammatory response (Rå berg et al., 2007; Schneider and Ayres, 2008) . Disease morbidity and mortality can be a result of either inadequate or impaired host resistance, characterized by high pathogen burden, or impaired host tolerance. Immunopathology falls into the latter category, and insufficient tissue protection is likely to be an important determinant in conditions characterized by excessive inflammation, such as sepsis. Tissue protection is likely a function of cellular stress adaptation pathways, which allow cells to survive noxious states, such as increased free radicals and accumulation of unfolded proteins (Figueiredo et al., 2013; Larsen et al., 2010) . When these adaptation pathways are overwhelmed, cells can undergo apoptotic cell death (Boison, 2013; Tabas and Ron, 2011) . Thus, one important determinant of host tolerance may be related to the ability of cellular adaptation programs to tolerate noxious states found in infections (Medzhitov et al., 2012) . Because different infections generate different inflammatory responses and noxious states, specific cellular adaption programs would need to be activated in distinct infectious contexts.
We found that interfering with the normal ketogenic state following LPS-mediated inflammation was lethal, likely by interfering with ROS adaption programs in the brain. Our findings are consistent with observations that PPARa agonism and inhibition of glucose utilization are generally protective in bacterial sepsis models (Budd et al., 2007; Cá mara-Lemarroy et al., 2015; Yoo et al., 2013) . However, unlike many of these studies, we did not observe large differences in the magnitude of inflammation, likely because we administered 2DG and glucose after and not before infectious or inflammatory challenge. Thus, our observations are likely unrelated to the body of literature that supports a role for HIF1a, PKM2, and aerobic glycolysis in generating the LPS inflammatory response (Liu et al., 2016; Yang et al., 2014) . Consistent with our inability to detect differences in inflammation in sterile inflammatory models, we did not detect differences in pathogen burden in live infection models where glucose administration led to lethality in L. monocytogenes infection in the absence of increased pathogen burden or bolstered immune response.
ROS-mediated cytotoxicity is a well-appreciated phenomenon in bacterial sepsis (Hoetzenecker et al., 2012; Kolls, 2006) , and ROS-detoxification pathways have been implicated in mitigating tissue damage and mortality. Shimazu et al. (2013) recently reported that BHOB functioned as an HDAC-1 inhibitor and that this led to transcription of ROS-detoxification pathways. Furthermore, we found that the timing of ketogenesis, an adequately nourished host, or both are necessary for the protective effect of fasting that occurs as a coordinated response to bacterial inflammation. Instead of rescuing mice from LPS mortality, fasting and ketogenic pre-conditioning potentiated death. Taken together, we present evidence that the fasting response that occurs as part of the inflammatory response is required to maintain resistance to oxidative stress in LPS sepsis. Although anorexia is a common response in both bacterial and viral infections, we find the opposite consequence of fasting metabolism in our models of bacterial and viral inflammation. Whereas in bacterial infection and LPS-induced inflammation, we found a detrimental effect of glucose, a protective effect of 2DG, and a requirement for ketogenesis in order to maintain tolerance, in viral infection and poly(I:C)-induced inflammation, these effects were opposite. 2DG administration led to lethality in poly(I:C)-induced inflammation in a manner that was independent of the magnitude of IFNa expression but dependent on IFNaR signaling. Manipulation of fasting metabolism did not affect viral burden in influenza infection. Viral infections are known to stimulate the unfolded protein response mediated, in part, via the PERK-eIF2a-ATF4-CHOP pathway (Janssens et al., 2014) . When this pathway is engaged, cells can either adapt to ER stress or induce apoptosis through CHOP if ER stress cannot be managed (Tabas and Ron, 2011) . Our data suggest that glucose utilization is required for the cytoprotective response in neurons in the setting of viral inflammation, as inhibition of glucose utilization led to death, which was CHOP dependent. Indeed, our PET studies indicate that glucose redistribution is largely the same between the early phases of bacterial and viral inflammatory challenge with the exception of sub-regions in the brain, where LPS and poly(I:C) appear to regulate glucose uptake differentially. The purpose and mechanism underlying this observation remain to be elucidated. The precise mechanism whereby IFN signaling converges with glucose utilization programs also remains to be fully resolved, but recent studies demonstrated that interferon signaling leads to changes in glucose uptake, which is important for the antiviral response (Burke et al., 2014) . Thus, whereas alternative fuel substrate availability is coupled to and necessary for adaptation to bacterial inflammation, glucose availability is coupled to and necessary for cellular adaptation to viral inflammation. The logic of their coupling is likely related to the substrate dependence of the cellular adaptation programs that are engaged. These findings are consistent with our previous study, where we found that synergistic lethality in mice co-infected with influenza and Legionella occurred in a manner independent of pathogen burden (Jamieson et al., 2013) , and it is interesting to speculate here that perhaps one cause of lethality in this co-infection model is a result of metabolic incompatibility in the setting of both a viral and bacterial infection.
Given the conservation of cellular adaptation and metabolic programs in mouse and human, our findings likely have clinical implications. The role of nutrition in managing patients with sepsis is unclear at best, and multiple studies have failed to show differences in survival from feeding, including the mostrecent study, which asked whether lower caloric supplementation would improve outcomes (Arabi et al., 2015) . There have been a series of studies exploring different feeding formulations with different caloric or micronutrient contents (Casaer and Van den Berghe, 2014) . However, we could not find an example where different feeding formulations were targeted to different types of infections, as opposed to different types of organ failure (Seron-Arbeloa et al., 2013) , or where post hoc analyses were directed at pathogen class. Our study implicates a differential need for metabolic fuels as a function of infection (or inflammation) class and sheds light on the biology behind the old adage ''starve a fever, stuff a cold.'' Much work will need to be done to identify how organismal metabolism is coordinated in other infectious and inflammatory states and whether or not these findings can be extended to humans in the management of inflammatory diseases and critical illness.
Limitations, Caveats, and Open Questions One limitation of this study (common to most animal studies) is that it was performed on a single mouse strain (C57BL/6J) in one mouse facility. Thus, the roles of genetic background and facility-specific environment remain unknown. In addition, there are many caveats with extrapolating data on organismal biology from studies in unnatural settings of animal facilities. There are also many open questions raised by this study, including why are different brain regions differentially affected by bacterial and viral inflammation? What are intrinsic properties of the affected neurons that make them susceptible to damage, depending on inflammatory pathway and available metabolic fuels? Finally, it remains to be seen how these results apply to critical illness in humans.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: For infection of mice, Listeria monocytogenes strain 10403s was originally obtained from the laboratory of Dr. Daniel Portnoy.
Kidney (MDCK) cells and titrated to determine concentration by plaque assay described below. For influenza infection, mice were anesthetized with a ketamine/xylazine mixture and indicated plaque forming units (PFU) of influenza in 30 ml PBS was administered intranasally dropwise. Legionella pneumophila (wild-type serogroup 1 strain JR32) was originally obtained from the laboratory of Dr. Craig Roy and was grown on charcoal-yeast extract agar (Sigma-Aldrich) plates for 2 days, then cultured overnight in N-(2-acetamido)-2-aminoethanesulfonic acid (ACES)-buffered yeast extract (AYE) broth (10 g/liter yeast extract, 10 g/liter ACES, 0.4 g/liter L-cysteine HCl-H2O, 0.135 g/liter ferric nitrate, all components from Sigma-Aldrich) and grown to an optical density at 600 nm of 1 in AYE broth. L. pneumophila culture was then diluted in PBS and 1x10 6 CFU in 40 ml PBS was administered intranasally dropwise to mice anesthetized with ketamine/xylazine. For the LPS endotoxemia, mice were injected intraperitoneally with the indicated dose of LPS derived from Escherichia coli 055:B5 (Sigma-Aldrich) diluted in 100 ml PBS. For the Poly(I:C) viral inflammation model, mice were injected retro-orbitally with 30 mg/kg of high molecular weight Poly(I:C) (InvivoGen) diluted in 100 ml of normal saline provided by the manufacturer.
For feeding experiments, enteral nutrition/supplementation consisted of Abbott Promote (25%, 23%, and 52% calories from protein, fat, and carbohydrates, respectively) which is an enteral nutrition commonly used in supportive care of critically ill patients with a nearly identical nutritional profile to laboratory Global 2018 Teklad chow (24%, 18%, and 58% calories from protein, fat, and carbohydrates, respectively). Mice were gavaged PBS control or the equivalent of one kilocalorie of the indicated substance (glucose, casein, olive oil, or Abbott Promote) twice a day starting 8 hr post-infection in infection models and 1 hr post-injection in sterile inflammatory models.
For intraperitoneal administration of D-(+)-glucose (Sigma-Aldrich G8270), D-mannoheptulose (DMH, Cayman Chemical), and 2-deoxy-D-glucose (2DG, Sigma-Aldrich), mice were injected intraperitoneally with glucose (20 mg in 100 ml water), DMH (1 mg in 100 ml water) or 2DG (5 mg in 100 ml water) twice a day starting 8 hr post-infection in infection models and 1 hr post-injection in sterile inflammatory models. Valproic acid and levetiracetam were administered intraperitoneally starting 6 hr post-injection at 125 mg/kg and 18 mg/kg in 100 ml PBS, respectively. FGF21 supplementation was done by retro-orbital injection of recombinant mouse FGF21 (R&D Systems) twice daily at 5 ng in 100 ml PBS per injection.
Blood oxygen saturation, breath rate, and heart rate were measured by pulse oximetry using the MouseOx Plus (Starr Life Sciences Corp.). Core body temperature was measured by rectal probe thermometry (Physitemp TH-5 Thermalert). Fasting was performed by placing mice over wire-bottomed cages with food removed from the hopper. The ketogenic diet was purchased from Envigo. Venous pH was measured using an iSTAT 1 Handheld Analyzer (Abaxis) and the CG4+ cartridges as per manufacturer's instruction.
Cell Culture
To prepare bone marrow derived macrophages (BMDMs), C57BL/6J mice were euthanized by CO 2 asphyxiation and femurs and tibias were isolated. The bones were cleansed with ethanol then washed with RPMI 1640 (Corning 10-040-CV), and pulverized in a mortar. Resulting contents were filtered through a 70 mm nylon cell strainer. This pulverizing and filtering process was repeated two more times, after which the resulting contents were treated with ACK lysing buffer (Lonza) for 5 min, then washed with RPMI, contents were centrifuged and the pellet was resuspended in macrophage growth medium (RPMI 1640 supplemented with 10% FBS (GIBCO), 1% penicillin-streptomycin (GIBCO), 2 mM L-glutamine (GIBCO), 1 mM sodium pyruvate (GIBCO), 0.01 M HEPES (AmericanBio), and 30% L929-conditioned media as a source of CSF-1), and plated on petri dishes. Macrophage growth medium was supplemented on day 3. Cells were plated for use on day 6. For assaying the effect of 2DG on L. monocytogenes replication in macrophages, BMDMs were plated at a density of 5x10 5 in 24-well tissue culture plates. BMDMs were infected with 5x10 5 of L. monocytogenes in the presence or absence of 2DG (2.5 mg/ml). After 24 hr, both supernatant and cell lysate were harvested for quantification of bacterial load. To prepare mouse embryonic fibroblasts (MEFs), pregnant C57BL/6J female mice were euthanized by CO 2 asphyxiation at 13.5 to 14.5 days post conception. Embryos were harvested and washed in PBS. After removal of the head and visceral organs, the remaining tissue was washed in PBS then minced in 0.05% Trypsin with EDTA (GIBCO). After a 30 min incubation at 37 C, the minced tissue is washed with DMEM (Sigma-Aldrich), centrifuged and cell pellet re-suspended in complete MEF media (DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.01 M HEPES). After overnight incubation, cells were trypisinized and filtered through 70 mm cell strainer and plated in complete MEF media. For assaying the effect of glucose and 2DG on various cell stress and cytokine treatments, MEFs were plated at a density of 1x10 5 cells per well in a 24 well plate. After overnight rest, cells were treated with the indicated chemicals or cytokines in the presence of additional glucose (final concentration 9 g/L), 15 mM 2DG, or vehicle control. Thapsigargin (Cayman Chemical) was administered at 1 mM. Poly(I:C) was given at 20 mg/mL. Recombinant mouse IFNa (R&D Systems) was used at 1000 U/ml.
METHOD DETAILS
Quantification of Bacterial and Viral Loads L. monocytogenes CFU titers were determined by plating titrated amounts of liver and spleen homogenate on BHI plates. Briefly, liver and spleen were harvested at indicated times post-infection and weighed. Tissue homogenates were generated by pushing the tissue through a 70 mm cell strainer using the plunger of a 5 ml syringe. Titrated dilutions of tissue homogenate were generated in 1% Triton X-100 (Sigma-Aldrich), plated on BHI plates, and grown overnight at 37 C. For in vitro assays testing the effect of 2DG on Digital light microscopic images were acquired using a Zeiss Axio Imager A1 microscope, an AxioCam MRc5 Camera, and AxioVision 4.8.3.0 imaging software (Carl Zeiss MicroImaging, Inc.). The resulting images were optimized using Adobe Photoshop 13.0.1x 64.
TUNEL staining was performed by the Yale Research Histology Service and the sections evaluated and photographed blind to experimental manipulation. For TUNEL staining quantification, at least 7 non-overlapping 400x magnification fields per mouse brain were counted for total nuclei and TUNEL-stained nuclei to generate a final % TUNEL-positive count. Counts were performed by three independent, blinded investigators and averaged.
Western Blot
Hindbrain samples were harvested and snap frozen in liquid nitrogen. Frozen tissues were pulverized in liquid nitrogen, then protein extracted with N-PER Neuronal Protein Extraction Reagent (ThermoFisher Scientific), supplemented with HALT protease and phosphatase inhibitor cocktail (ThermoFisher Scientific), according to the manufacturer's protocols. Equal amounts of protein were loaded per well of a 10% Bis-Tris mini-gel (Invitrogen) and run in 1x MOPS buffer (Invitrogen). Protein was transferred onto activated PVDF membrane (Millipore), then blocked in 5% milk in TBST (20 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 30 min. Membranes were incubated with primary antibodies mouse anti-GADD153 (B-3) and rabbit anti-b Tubulin (H-235), both from Santa Cruz, overnight at 4 C. Anti-GADD153 was incubated at 1:1000 dilution in SignalBoost reagent (Millipore). Anti-b Tubulin was incubated at 1:5000 dilution in 4% BSA TBST. Membranes were washed 3x with TBST, then incubated with secondary antibodies at 1:10,000 dilution for one hour at room temperature. After washing, protein was visualized using enhanced chemiluminescence reagent (ThermoFisher Scientific).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical information including n, mean, and statistical significance values are indicated in the text or the figure legends. Results were statistically analyzed using Student's t test or an analysis of variance (ANOVA) test with multiple comparisons where appropriate using Prism 6.0 (GraphPad Software, Inc). Kaplan Meier survival curves were compared using log-rank Mantel-Cox test. A p value of < 0.05 was considered to be statistically significant. 
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